It is well known that the vanadium compounds have the effects of lowering the elevated blood glucose, cholesterol and triglycerides in diabetic rats, 1 and that some marine organisms such as ascidians and fan worm accumulate vanadium in high concentrations. 2, 3 Therefore, the development of the selective determination techniques for V(IV) and V(V) in natural water samples was an attractive topic for many researchers because vanadium is supposed to exist in quadrivalent or pentavalent state. [4] [5] [6] [7] [8] [9] [10] [11] The conditions of sample storage are the critical points of the trace analysis. The loss of a desired element resulting from the adsorption on a container wall may occur when the sample solution was stored in the wrong conditions. Generally, the storage of the acidified sample solution (<pH 2) is recommended.
Introduction
It is well known that the vanadium compounds have the effects of lowering the elevated blood glucose, cholesterol and triglycerides in diabetic rats, 1 and that some marine organisms such as ascidians and fan worm accumulate vanadium in high concentrations. 2, 3 Therefore, the development of the selective determination techniques for V(IV) and V(V) in natural water samples was an attractive topic for many researchers because vanadium is supposed to exist in quadrivalent or pentavalent state. [4] [5] [6] [7] [8] [9] [10] [11] The conditions of sample storage are the critical points of the trace analysis. The loss of a desired element resulting from the adsorption on a container wall may occur when the sample solution was stored in the wrong conditions. Generally, the storage of the acidified sample solution (<pH 2) is recommended. 12 However, the change in the equilibrium state caused by the acidification may lead to serious problems for speciation analysis. Recently, Okamura et al. showed that V(V) in natural water samples was reduced to V(IV) during the storage at pH 2. 11 In this research, we studied the change in the oxidation state of vanadium in artificial seawater during the storage to compare with in the case of natural seawater. For the selective determination of V(IV) and V(V), liquid chromatographyinductively coupled plasma mass spectrometry 8 and an airsegmented continuous flow analysis 11 are very attractive, but the former needs a combination of expensive instruments and the latter is not familiar to us. Furthermore, it is expected that the independent determination of V(IV) and V(V) would lead to more reliable results, especially when the ratio of V(IV) to V(V) or V(V) to V(IV) is large. Therefore, we developed the electrothermal atomic absorption spectrometric methods with a direct injection of a resin suspension used for selective solidphase extraction, which enabled us to determine V(IV) or V(V) independently.
Experimental

Apparatus
Atomic absorption was measured with a Z-8270 polarized Zeeman atomic absorption spectrophotometer (Hitachi, Tokyo, Japan) using a pyrolytic graphite tube atomizer. A hollow cathode lamp (Hitachi) operated at 10 mA was used as the radiation source of the 318.4 nm vanadium line. A 1.3 nm slit width was employed. A 20 µl sample solution was injected into the atomizer with an SSC-300 auto sampler, and the atomic absorption was measured as the peak height. Operation conditions for ETAAS are tabulated in Table 1 . An M-13 pH meter (Horiba, Kyoto, Japan) was used to measure the pH of a sample solution. Membrane filtration under suction was carried out using a mixed cellulose ester membrane filter (Advantec, Tokyo, Japan), having 0.45 µm pore size, supported on a glass funnel and filter base for 25 mmφ filter (Shibata Scientific Technology, Tokyo, Japan) for the collection of the finely divided ion-exchange resin.
An A-3S aspirator (Tokyo Rikakikai, Tokyo, Japan) was used. The resin suspension was prepared by ultrasonication using a B-42 ultrasonic cleaner (Branson, Conn., USA) with a power requirement of 240 W.
Reagents
All chemical reagents were of analytical grade. Water was purified using an Auto Pure WQ500 (Yamato, Tokyo, Japan) equipped with a Q-PAK cartridge (Millipore, Massachusetts, USA). Acetic acid, hydrochloric acid, nitric acid, sulfuric acid and ammonia water were of Super Special Grade from Wako (Osaka, Japan). A 1 µg ml -1 -V(V) working standard solution in 0.1 mol l -1 sulfuric acid was prepared daily by diluting a 1000 µg ml -1 -V(V) stock standard solution for atomic absorption spectrometry (Wako). A 1000 µg ml -1 -V(IV) stock standard solution was prepared by dissolving 0.446 g of vanadium(IV) oxide sulfate n-hydrate (99.9%, Wako) in a portion of hot concentrated sulfuric acid and diluting it to 100 ml with water after cooling. The final concentration of sulfuric acid was adjusted to 3.0 mol l -1 . The standardization was done by chelatometric titration using EDTA and Cu-PAN as the indicator. A 1 µg ml -1 -V(IV) working standard solution was prepared weekly by diluting a 1000 µg ml -1 stock standard solution to adjust the final concentration of sulfuric acid to 0.1 mol l -1 . N-Cinnamoyl-N-2,3-xylylhydroxylamine (CXA) from Wako was used for preparing 3.7 mmol l -1 CXA solution in ethanol.
Chromazurol B (2,6-dichloro-4′-hydroxy-3,3′-dimethylfuchsone-5,5′-dicarboxylic acid, disodium salt; CAB) from Dojindo (Kumamoto, Japan) was used for preparing 2.0 mmol l -1 CAB solution in 0.01 mol l -1 NaOH. A 2.0 mol l -1 sodium perchlorate solution was prepared by dissolving sodium perchlorate monohydrate in water. Acetate buffer solutions were prepared by mixing appropriate volumes of 1.0 mol l -1 acetic acid and 1.0 mol l -1 sodium acetate solution, adjusting the pH of the solution to 5.0 or 6.7 using a pH meter. 2,2′:6,2″-Terpyridine and thiourea from Wako were used as masking agents. An anion-exchange resin suspension (ARS) was prepared from a macroreticular-type Diaion PA316 (Mitsubishi Kagaku, Tokyo, Japan) according to the reported method. 13 The exchange capacity of the resin suspension was 8.4 µeq ml -1 . Artificial seawater was prepared by dissolving 23.477 g of sodium chloride, 4.981 g of magnesium chloride, 3.917 g of sodium sulfate, 1.102 g of calcium chloride, 0.664 g of potassium chloride, 0.192 g of sodium hydrogen carbonate, 0.096 g of potassium bromide, 0.026 g of boric acid, 0.024 g of strontium chloride, and 0.003 g of sodium fluoride in water, then adjusting the final weight to 1 kg by water. 14 The pH of the artificial seawater was 7.8.
Procedures
General procedure for the determination of vanadium(IV). A 40.0 ml portion of the sample solution containing up to 0.10 µg of V(IV) was placed in a 150-ml polypropylene beaker. Portions of 0.2 ml of 1 mmol l -1 2,2′:6,2″-terpyridine solution and 1 ml of 1 mol l -1 thiourea solution were added if necessary. Then the pH of the sample solution was adjusted to 6.7 ± 0.1 by a 5-ml portion of acetate buffer solution. When the sample solution of pH 2 was used, diluted ammonia water was added to neutralize the solution. Immediately after the adjustment of the pH, 2.0 ml of CAB solution, 1.2 ml of ARS and 2.0 ml of sodium perchlorate solution were added in that order while stirring the solution with a magnetic stirrer. The anionexchange resin particles used for extracting the V(IV)-CAB complex were collected on a membrane filter by filtration under suction. A resin thin layer disk of approximately 17 mm in diameter and 0.03 mm thick was thus prepared. The membrane filter holding the resin thin layer was detached from the filter base while the suction was continued and was placed in a 10-ml beaker; then 1.0 ml of 0.01 mol l -1 nitric acid was added. The beaker was covered with a piece of Novix-II (Iwaki Clinical Test Ware, Tokyo, Japan) and subjected to ultrasonication for 30 s for preparing the resin suspension. The resulting resin suspension was then poured into a cup for the auto-sampler; this cup was covered with a piece of Novix-II. The mixture in the cup was shaken manually just before automatic sampling, and then a 20 µl portion of the suspension was injected to a pyrolytic graphite atomizer. Two ETAAS operational cycles were carried out with the injection of 0.01 mol l -1 nitric acid after each measurement of vanadium for eliminating the memory effect. When seawater samples were analyzed, the calibration curve was prepared using artificial seawater acidified to pH 2.0 as the matrix. Furthermore, as the absorbance of vanadium depends on the number of previous firings of the graphite tube used, the relative absorbance to the absorbance of 0.05 µg of V(V) obtained by the procedure described in the next section was calculated and used for preparing a calibration curve.
General procedure for the determination of vanadium(V).
A 40.0 ml portion of the sample solution containing up to 0.10 µg of V(V) was placed in a 150-ml polypropylene beaker and a 5-ml portion of 9 mol l -1 sulfuric acid was added. Immediately after the addition of 1.0 ml of sodium perchlorate solution, 1.5 ml of ARS and 3.0 ml of CXA solution, the anion-exchange resin particles for extracting the V(V)-CXA complex were collected on a membrane filter; a lightproof box was put on the funnel. After the completion of the filtration, the resin particles were suspended in 1.0 ml of 3 mol l -1 nitric acid and delivered to ETAAS as described above.
General procedure for the determination of vanadium(IV + V).
A 40.0 ml portion of the sample solution containing up to 0.10 µg of V(IV + V) was placed in a 150-ml polypropylene beaker.
A 10-ml portion of 1% L(+)-ascorbic acid solution was added to reduce pentavalent vanadium to tetravalent. Then vanadium was determined as described in the section of "General procedure for the determination of vanadium(IV)" except that the pH of the extraction was 5.0.
The determination of vanadium in seawater samples was carried out in a clean room (class 10000) maintained at 25 ± 2˚C.
Results and Discussion
Method development for the determination of vanadium(IV)
Optimization. Although Eriochrome Cyanine R was used for the selective enrichment of V(IV) on an anion exchanger, 9 the sorption by ion-exchange mechanism is less favorable for a medium having high ionic strength such as seawater. We adopted a more hydrophobic ligand, CAB, which is analogous to Eriochrome Cyanine R. The effect of the pH of sample solution was studied on the selective extraction of V(IV) leaving V(V) in the matrix. As shown in Fig. 1 , although the optimum pH range for the extraction of V(IV) was 5 -7, V(V) was detected in the pH range 3.0 -6.5. Therefore, the selective Start End Ramp Constant Table 1 Operating conditions for ETAAS extraction of V(IV) could be achieved at pH 6.6 -7.0 where no V(V) was detected.
As the result of the oxidation of V(IV) to V(V) in the test solution, the absorbance was decreased by 20% after 5 min of the adjustment of the pH to 6.7; however, no such change was observed within 10 min after the addition of all the reagents. Therefore, it is necessary to add all reagents as quickly as possible to obtain reproducible results.
The effects of a volume of CAB solution and ARS added were studied to establish the optimum conditions. The optimum range for the CAB solution was 1.5 -3.0 ml and that for ARS was 0.5 -2.0 ml. The addition of a sodium perchlorate solution was needed to shorten the time for filtration by coagulating the ion exchange resin particles; so a 2.0 ml portion was added. The filtration was completed within 0.5 min.
The effect of the concentration of nitric acid of the resin suspension was examined.
A constant and maximum absorbance was obtained in the range 0 -0.05 mol l -1 nitric acid. The absorbance decreased with increasing nitric acid concentration in the range 0.1 -1 mol l -1 .
Calibration curve.
The calibration curve (0 -0.1 µg) displayed downward curvature. The attempt to fit the whole range of the curve with a quadratic equation failed. The sufficient regression curves were obtained by dividing the calibration curve into two parts in the ranges 0 -0.04 and 0.04 -0.1 µg; the latter part was fitted including 0. The typical regression equations were y = -26x 2 + 23.7x + 0.0006 (0 -0.04 µg) and y = -93x 2 + 16.6x -0.002 (0, 0.04 -0.1 µg), where y is the relative absorbance and x is the amounts of V(IV) in micrograms. The detection limit, based on three times the standard deviation of the blank, was 0.6 ng (0.02 ng ml -1 ).
The recovery was calculated by determining the total amount of vanadium that remained in the filtrate using "General procedure for the determination of vanadium(IV + V)". The results showed that the recovery was 78.1 ± 0.9% (n = 4). Changing the matrix to the artificial seawater was responsible for lowering of the recovery to 64.9 ± 1.4%. Although these were relatively low recoveries, the sufficient precision was obtained. For example, the relative standard deviations were 1.7 and 2.1% for four replicate determinations of 0.08 µg of V(IV) in water and in artificial seawater, respectively.
Effect of foreign ions.
The effects of foreign cations which exist in seawater with the ratio to vanadium not less than 0.1 and some anions were studied. The results are tabulated in Table 2 . Serious interferences with Cr(VI) could be masked by the addition of 1 ml of 1 mol l -1 thiourea and 0.2 ml of 1 mmol l -1 2,2′:6,2″-terpyridine. But calcium ion, sodium ion, magnesium ion and silicate ion would interfere with the determination of vanadium in a seawater sample. As described above, the use of the artificial seawater as the matrix lowered the recovery, so it is required that the calibration curve is prepared using the artificial seawater as the matrix when a seawater sample is analyzed.
Method development for the determination of vanadium(V) Optimization.
It was known that V(V) was extracted to an organic phase with CXA in acidic media. 5, 15 We studied the effect of the sulfuric acid concentration on the selective extraction of V(V) leaving V(IV) in the matrix. Figure 2 shows that the absorbance corresponding to V(V) extracted decreased with increasing the concentration of sulfuric acid in the sample solution. On the other hand, that corresponding to V(IV) also decreased with increasing the concentration and V(IV) was not detected at 0.5 mol l -1 and higher. Therefore, the selective 1011 ANALYTICAL SCIENCES SEPTEMBER 2002, VOL. 18 2,2′:6,2″-terpyridine were added. extraction of V(V) was carried out at 1.0 mol l -1 sulfuric acid. Furthermore, the optimum ranges for the volume of CXA solution, ARS and perchlorate solution were 2 -3, 1 -2, and 1 -2 ml, respectively. It was found that the absorbance decreased with increasing the standing time after the addition of the whole reagents. The filtration under the light condition also led the decreasing of the absorbance. Therefore, it was necessary to complete the filtration under the dark condition as quickly as possible. The optimum concentration range of nitric acid of the resin suspension was 2.5 -3.0 mol l -1 .
Calibration curve.
The calibration curve (0 -0.1 µg) displayed downward curvature. The sufficient regression curve was obtained by fitting the curve with a quadratic equation. The typical regression equation was y = 48x 2 + 17.9x + 0.002, where y is the relative absorbance and x is the amounts of V(V) in micrograms, respectively. The detection limit, based on three times the standard deviation of the blank, was 0.7 ng (0.02 ng ml -1 ).
The recovery was calculated by determining the total amount of vanadium that remained in the filtrate using "General procedure for the determination of vanadium(IV + V)". The results showed that the recovery was 82.1 ± 0.8% (n = 4). Changing the matrix to the artificial seawater was responsible for a rise in the recovery to 86.7 ± 1.1%. The relative standard deviations were 2.0 and 1.0% for four replicate determinations of 0.08 µg of V(V) in water and in artificial seawater, respectively. Effect of foreign ions. Table 2 also shows the effect of foreign ions on the determination of V(V). Sodium, magnesium and strontium ions would interfere with the determination of vanadium in a seawater sample. As described above, the use of the artificial seawater as the matrix raised the recovery, so it is required that the calibration graph is prepared using the artificial seawater as the matrix when a seawater sample is analyzed.
Method development for the determination of total vanadium(IV + V) Effect of ascorbic acid.
The addition of 5 ml of 1% L(+)-ascorbic acid was sufficient for the reduction of V(V) and resulted in the improvement of recovery for V(IV). Then, total vanadium(IV + V) could be determined after the extraction with CAB in the presence of L(+)-ascorbic acid at pH 5 where no interference from the artificial seawater was observed. Calibration curve.
The linear calibration curve (0 -0.1 µg) was obtained. The typical regression equation was y = 27.0x -0.032 (r = 0.999), where y is the relative absorbance and x is the amount of V in micrograms. The detection limit, based on three times the standard deviation of the blank, was 0.4 ng (0.01 ng ml -1 ).
The recovery was calculated by determining the total amount of vanadium that remained in the filtrate. The results showed that the recovery was 94.7 ± 0.5% (n = 4). Changing the matrix to the artificial seawater did not affect the recovery or the slope of the calibration graph. The relative standard deviations were 3.2 and 2.6% for four replicate determinations of 0.08 µg of V(V) in water and in artificial seawater, respectively.
Determination of vanadium in seawater samples
Recovery test using artificial seawater. The recovery test was carried out by adding various amounts of V(IV) and/or V(V) to an artificial seawater sample. The artificial seawater was acidified to pH 2.0 before the addition of the standards because the rapid oxidation of V(IV) to V(V) occurred at pH 7.8, as described later. The results are tabulated in Table 3 . The recoveries were 99.2 -109% and the standard deviations were 1 -6%. This indicates that the present methods, in spite of their low extraction yields, would provide excellent results for the fractional determination of V(IV) and V(V) in natural seawater samples. Vanadium in a natural seawater sample. Table 3 also shows the results obtained by the determination of V(IV), V(V), and total V(IV + V) in the natural seawater sample. The sample was not acidified before the analysis. The results showed that V(IV) was not detected. The concentration of V(V) agreed with that of total V(IV + V) within an experimental error. The recovery of V(V) was 99.2%.
Study on the change in the oxidation state of vanadium species during the storage
The redox potential of an oxoacid depends on the pH of the solution because the chemical species vary with the pH. And the sample solution is frequently acidified after the sampling to prevent the adsorption of a metal species on the container wall. Therefore, it is important to clarify experimentally the change in the oxidation state by varying the pH of the sample solution. Recently, Okamura et al. 11 showed that V(IV) was oxidized to V(V) within 50 min in seawater, whereas V(V) was reduced slowly to V(IV) in seawater acidified to pH 2.0. They said that the naturally occurring organic matter might be attributed to the reduction of V(V). Nevertheless, studying the redox behavior 
is reported to be E˚ = 1.000 V. 16 As the polymerization may be negligible at the concentration level examined, the equilibria involved are for V(IV). 17 Employing these equilibrium constants, the redox potential of V(V)/V(IV) couple at pH 8 (near seawater) was calculated to be -0.36 V. This is so low that the complete oxidation of V(IV) may happen due to the dissolved oxygen (E of O2/H2O couple at pH 8 is 0.76 V). This was confirmed experimentally as shown in Fig. 3 . It was shown that the rapid oxidation of V(IV) spiked into artificial seawater occurred and all of V(IV) changed to V(V) within 60 min while V(V) was stable for several days. These results are consistent with the results obtained by Okamura et al. 11 using water, lake water and natural seawater. One should notice that V(IV) in artificial seawater should be determined within about 1 h after spiking; otherwise, the correct results would not be obtained presumably, due to the high ionic strength of artificial seawater. Therefore, V(IV) in artificial seawater was not determined in Figs. 3B, 4A, and 4B. Nevertheless, total V and V(IV) in acidified natural seawater can be determined satisfactorily. This success may be attributed to the presence of organic substances, for example, ascorbic acid used for the determination of total V. At pH 2, the redox potential of V(V)/V(IV) couple was estimated to be 0.76 V and the oxidation of V(IV) is still expected (E of O2/H2O couple at pH 2 is 1.1 V). This was also confirmed experimentally as shown in Fig. 4A . It was found that the slow oxidation happened in 0.01 M HCl and artificial seawater acidified to pH 2.0. The oxidation rate was slower in the former. On the other hand, the slight reduction of V(V) was also observed (Fig. 4B) .
Finally, we have examined the change in the oxidation state of V in the natural seawater sample acidified to pH 2.0. The results shown in Fig. 5 indicate that the reduction of V(V) happened. This phenomenon was also reported by Okamura et al., but the half life of V(V) obtained in our study, about 3 h, was rather short. It was reported that V(V) was reduced to V(IV) when the extraction with acetylacetone was carried out. 18 Therefore, the presence of the organic matters in seawater and their complexing ability may be attributed to the reduction of V(V). The rate of the reduction may depend on the amounts of the organic substances as well as their species.
In conclusion, V(IV) is oxidized to V(V) in water. The rate of oxidation depends on the pH and is higher in the neutral region compared with the acidic region. Although V(V) is stable in the neutral region, the slight reduction was observed in 0.01 M HCl. Furthermore, V(V) is reduced to V(IV) in natural seawater acidified to pH 2. Therefore, the sample solution should not be acidified for the storage and should be analyzed as quickly as possible after the sampling for the speciation of vanadium in a seawater sample. 5 The effect of the acidification of a seawater sample on the oxidation state of vanadium. An aliquot of hydrochloric acid was added at 0 to adjust the pH of the sample to 2.0.
